Triodothyronine (T 3 ) was given daily by injection to rats from 1 day of age to 2 hr prior to death. In the brain microsomal fraction of 5-to 6-day-old animals, incorporation of malonyl-CoA into total fatty acids increased from 0.9 to 2.25 m/imoles/mg protein. Although thyroid increased precursor incorporation into total fatty acids in other age groups, the difference was not statistically significant. Increased precursor incorporation was entirely due to increased formation of saturated fatty acids, and this effect was observed at all age groups.
Introduction
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Since myelin contains far more saturated than polyunsaturated fatty acids, these studies provide indirect evidence linking the microsomal fatty acid-synthesizing system with the function of providing the long-chain fatty acids required for myelination.
The factors regulating fatty acid biosynthesis in the developing brain have not been examined up to now, but the endocrine system, in particular the thyroid, has been implicated in this process. In rats, thyroidectomized at birth, the growth rate of the perikaryon of brain is reduced, and both neurons and glia become more closely aggregated than normal. There is also a selective reduction in the length and branching of dendrites, and a progressive reduction is axodendritic connectivity [7] . The chemical correlates of these morphological changes include alterations in many variables of cerebral metabolism. Thyroid hormone stimulates amino acid incorporation into brain proteins of immature animals, both in vivo and in vitro, through one or more of the following mechanisms: enhancement of the transfer of soluble, RNA-bound amino acids to microsomal protein [9, 11, 16, 17] ; stimulation of RNA synthesis, particularly ribosomal RNA; increase in amino acid incorporation by newly synthesized ribosomes; and readjustment of the permeability barriers [18] . Simultaneously, the hormone influences the activity of a number of enzymes in immature rat brain, including succinic dehydrogenase [10] , glutamic acid decarboxylase [3] , and galactolipid sulfotransferase [19] . Thyroid hormone also affects the concentration of myelin components. In rats made hypothyroitl at birth, cerebroside, sulfatide, and cholesterol concentrations are markedly reduced while the incorporation of 35 SO 4 into sulfatides is decreased and slowed [19] . In the liver, fatty acid biosynthesis is reduced following thyroid therapy [8] , in part as a consequence of a fall in NADH levels resulting from a reduction in hepatic glycogen concentration and diminished glycogenolysis.
Although other hormones, such as estradiol and cortisol, may also influence myelination, we undertook a study of the action of thyroid hormone on fatty acid biosynthesis in the mitochondrial and microsomal fractions of developing brain as an initial step to clarify some of the factors controlling fatty acid biosynthesis.
Materials
Acetyl-l-«C-CoA and malonyl-l, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C-CoA [20] , and the cofactors adenosine triphosphate (ATP), NADH, NADPH, creatine phosphate, and creatine phosphokinase [21] were obtained from commercial sources. Lipids and fatty acid standards were obtained from another laboratory [22] , and Cab-O-Sil, PPO, and POPOP were obtained commercially [23] .
Methods
Three or four immature rats of the Sprague-Dawley strain, age 3-20 days, and mature animals, age 2-4 months, were used in each experiment. Starting from birth, until their death, rats were injected daily with 3,5,3'-triiodo-L-thyronine (T 3 ) intraperitoneally (60 jug/100 g body weight dissolved in a solution of 0.01 N NaOH). Control animals were injected with the same amount of 0.01 N NaOH. The last injection was administered approximately 2 hr prior to killing. Hypothyroidism was induced in newborn animals by daily subcutaneous injections of methimazole starting at birth [24] .
Littermates for each age group were decapitated and brains were removed immediately and placed in a chilled sucrose (0.25 M) solution. All subsequent operations were carried out at a temperature of about 4°. Tissue homogenation, preparation of subcellular fractions, and protein determination were done as described previously [1, 2] .
Incubation Mixture
The reaction mixture contained 100 m/xmoles acetyl-l-for the microsomal fraction, and 2.75 mg for the mitochondrial fraction. The tubes were gently flushed with nitrogen, stoppered, and incubated at 37.8° for 30 min. Previous experiments indicated that incorporation of substrate into fatty acids was linear for about 30 min, then decreased to 58% linearity at 1 hr [1] .
Determination of Incorporation of Radioactivity into Fatty Acids
At the end of the incubation period, the reaction mixture was saponified for 1 hr at 95° under nitrogen using an equal volume of 20% methanolic KOH. The nonsaponifiable compounds were extracted with hexane, and the aqueous phase was acidified with 4 N HC1; the fatty acids liberated were extracted with three successive portions of hexane. The combined extracts were concentrated to a known volume under a stream of nitrogen. An aliquot (usually y 10 ) was transferred to a counting vial and dried under nitrogen; 12-15 ml of a scintillation mixture consisting o£ 0.5% 2,5-diphenyloxazole (PPO), and 0.03% l,4-bis(2-(5-phenyloxazolyl)benzene) (POPOP) in toluene were added. Radioactivity was counted in a liquid scintillation spectrometer [25] . Results were expressed as millimicromoles of 14 C-labeled substrate incorporated into fatty acids per milligram of protein in the incubation mixture.
Gas-Liquid Chromatography and Identification of Fatty Acids
The hexane extract of the radioactive fatty acids was taken to dryness under a stream of nitrogen; fatty acid methyl esters were prepared by heating at 95° for 5 min with 14% boron trifluoride in methanol [13] and purified by thin layer chromatography [5] . Gas-liquid chromatography was carried out in a gas chromatograph [26] with an argon detector. Diethylene glycol succinate on Gas-Chrom Z [22] , 100-120 mesh, and methyl silicone (SE-30) were used as stationary phases. Radioactive fatty acid methyl esters were collected from the gas chromatograph using small filters [27] and the radioactivity was measured. Recovery was about 70-80% of applied radioactivity. Peaks were identified by chromatography with mixtures of fatty acid methyl ester standards.
Separation of Fatty Acids by Thin Layer Chromatography
An aliquot of the total fatty acid methyl esters was separated into saturated, mono-and polyunsaturated fatty acid esters by thin layer chromatography on Silica Gel G impregnated with 5% silver nitrate, using hexane-ether (90:10, v/v) as the developing solvent. Fatty acid esters were identified by reference to concurrently chromatographed standards. Areas corresponding to each group of fatty acid esters were scraped from the plate and placed into counting vials with 15 ml scintillation mixture (0.5% PPO and 0.3% POPOP). Cab-O-Sil, 0.6 g [23] , was added to each vial, together with 1-2 drops of glacial acetic acid, and the mixture was counted. Better than 95% of the radioactivity applied to the thin layer plate was recovered by this procedure.
Results

Incorporation of Acelyl-l^C-CoA into Fatty Acids by Mitochondrial Fraction
In both the T 3 -treated and control animals maximal incorporation of acetyl-CoA into fatty acids by mitochondria occurred at 15 days of age (Fig. 1) . At 5-6 days of age the incorporation was greater in treated animals, but no significant difference could be observed in any other age group. Acetyl-CoA was incorporated into saturated, mono-and polyunsaturated fatty acids, with the greatest amount of radioactivity in both treated and control animals of all ages being found in the polyunsaturated fatty acid fraction. No significant change in the proportion of the various fatty acids occurred as a result of thyroid therapy.
Incorporation of Malonyl-1 ) 3-14 C-CoA into Fatty Acids by Microsomal Fraction
As noted previously for control animals [1] , incorporation of malonyl-CoA into fatty acids by the microsomal fraction was maximal at 15 days of age in thyroidtreated rats. Thyroid stimulation was maximal at 5-6 days of age, with the incorporation increasing from 0.91 ± 0.52 m/imole/mg protein to 2.25 =f c 0.39 mju,moles/mg protein (P < 0.01) ( Table I) . T 3 -induced stimulation of precursor incorporation was not significant in 9-and 14-to 16-day-old animals. No stimulation was seen at 20 days or in adult animals (Fig. 2) . Direct addition of T 3 to the in vitro system had no effect on total fatty acid biosynthesis.
When the pattern of fatty acids synthesized in control animals was compared with that of T 3 -treated rats, it became evident that at days 5-6, 8-9, and 14-15 T 3 treatment induced a significant increase in the proportion of labeled malonyl-CoA incorporated into satu- (Table II) . (Respective P values: <0.01, <0.01, and <0.02.) Calculation of the above values, in terms of amounts of each type of fatty acid synthesized from labeled malonyl-CoA, showed that the previously noted significant increase in total fatty acid synthesis at 5-6 days of age was found to be due to an increased synthesis of saturated and monounsaturated fatty acids. At 9 and 14-16 days of age, increased synthesis of saturated fatty acids was compensated for by a reduction in the incorporation of precursor into polyunsaturated fatty acids (Table I) . Gas-liquid chromatography of the saturated fatty acid fraction did not reveal any significant difference with respect to the distribution of radioactivity between thyroid-treated and control animals.
Incorporation of 14 C-labeled Substrate into Fatty Acids by Brain Subcellular Particles in Hypothyroid Rats
In rats made hypothyroid at birth, incorporation of both malonyl-CoA by the microsomal fraction and acetyl-CoA by the mitochondrial fraction was markedly reduced (Table III) .
Discussion
The importance of saturated and monounsaturated fatty acids in the formation and maintenance of myelin has been well recognized [15] . In liver and mature brain the microsomal system is predominantly con- cerned with chain elongation of polyunsaturated fatty acids. By contrast, the mitochondrial system of brain at all ages synthesizes a variety of saturated, monounsaturated, and polyunsaturated fatty acids and has the potential ability to form nervonic and lignoceric acids by chain elongation [4] . In our study, stimulation of fatty acid biosynthesis by thyroid hormone was limited \o tlie formation of saturated fatty acids by the microsomal system. At 5 days of age, the increase in the synthesis of saturated fatty acids was reflected by increased malonyl-CoA incorporation into total fatty acids, but in older animals the formation of polyunsaturated fatty acids was reduced sufficiently so that total fatty acid synthesis was only slightly augmented. This phenomenon may have been the result of incubating conditions where the enzyme concentration, i.e., the amount of microsomal protein, was rate-limiting.
In hypothyroid rats, fatty acid chain elongation was reduced in both mitochondrial and microsomal fractions, although the microsomal fraction again appeared to be more sensitive to hormonal alterations.
On the basis of clinical and histologic studies, it has been known for many years that thyroid accelerates brain development, although the mechanism of its action has not been explained. Myant and Cole [14] found no specific stimulatory effect of thyroid on the uptake of S2 P and 14 C by brain slices and concluded that thyroid only accelerates brain maturation by stimulation of protein synthesis. Walravens and Chase [19] found that thyroidectomy reduced the concentration of cerebrosides and sulfatides in brain, but they did not attempt to localize further the site of thyroid action.
Although a variety of enzyme systems, most of them located in the microsomal fraction [12] , are involved in the biosynthesis of glycolipids, a defect in the formation of long-chain fatty acids by the elongation of palmitate as is suggested by our studies would, of itself, be sufficient to account for delayed or defective myelination.
At present we are unable to state how thyroid hormone affects fatty acid biosynthesis, and in particular specifically stimulates the formation of saturated fatty acids. On the basis of previously reported rate studies [1] , we have suggested that the microsomal fraction possesses two distinct mechanisms for fatty acid biosynthesis, one for the production of saturated, the other for production of polyunsaturated fatty acids. The former becomes more active during maturation and is also stimulated by thyroid hormone. Very little is known about the enzymes involved in the chain elongation of fatty acids in mammalian tissues and the site of the rate-limiting enzyme; the nature of the thyroid stimulation must await solubilization and fractionation of the microsomal chain elongation system.
Summary
The effect of thyroid hormone on fatty acid biosynthesis by rat brain was studied. Administration of thyroid to immature animals increased the incorporation of malonyl-CoA into saturated fatty acids. In the 5-to 6-day-old animal thyroid also enhanced total fatty acid synthesis. In animals made hypothyroid at birth, fatty acid biosynthesis was reduced, with the effect being most evident in the microsomal system.
